It is well known that a sharp Cube texture is developed for the producing process of a pure aluminum foil for capacitors. The orientation analysis using scanning electron microscopy/electron backscattered diffraction pattern (SEM/EBSP) method has been performed on the transverse direction (TD) sections of partially annealed (PAed) and additionally rolled (ARed) foils through the thickness in order to reveal how Cube-oriented grains have advantages for growth in comparison with the other grains with orientation components of rolling texture. Samples were annealed repeatedly with increasing the temperature in a vacuum. The Cube grains were distributed throughout foil thickness homogeneously in the PAed and ARed foils. The main mechanism of preferential growth of the Cube grains in the PAed foils was driven by grain boundary energy. However, the growth for ARed foils was caused by strain induced grain boundary migration (SIBM) driven by the difference in stored energy between the Cube and the other grains, because the former store less strain energy than the latter after the additional rolling. Furthermore, the grown-up Cube grains having similar orientations met each other and made a cluster in both the foils. Since the clusters develop to reach the foil surfaces and become stable, the Cube grains are easy to cover all of the foil in the final stage of annealing.
Introduction
For the purpose of capacitance augmentation, Cubeoriented grains (Cube grains) should cover extensively in pure aluminum foils for capacitors. 1, 2) The foils are often produced in an industrial process patented by Company Pechiney, 3) that is, hot rolling, heavily cold-rolling, partial annealing (PA), additional rolling (AR) and final annealing (FA). A lot of studies concerned with a formation of Cube texture were performed widely in the production process from the hot rolled sheets to the final annealed foils up to date. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] It was considered in the previous studies that Cubeoriented nuclei formed during the hot rolling or cold rolling, they became stable grains in partial annealing process, and in final annealing process, the Cube grains were able to grow preferentially with strain-induced grain boundary migration (SIBM) driven by difference in stored energy introduced by additional rolling process. It was mentioned that Cube grains were less affected than other oriented grains by deformation of additional rolling [14] [15] [16] or were able to recover earlier than other oriented ones. 14, 17) However, the mechanism of preferred growth of Cube grains has not been understood completely because the microstructural evolution through plural processes is complicated.
In this study, in order to reveal how the Cube grain has an advantage in comparison with the other oriented grains, microstructures in partially annealed and additionally rolled pure aluminum foils for capacitors have been analyzed by orientation image microscope (OIMÔ) using scanning electron microscopy/electron backscattered diffraction pattern (SEM/EBSP) technique. 18, 19) The transverse direction (TD) sections of foils have been observed as repeated heat treatments so that we have investigated heterogeneity of microstructures and growth process across the foil thickness.
Experimental Procedure
Samples were 99.99% pure aluminum foils for capacitors, which contain with 8 ppm Fe, 8 ppm Si and 50 ppm Cu. The foils were produced by the process consisting of casting, homogenizing, hot rolling and cold rolling with a reduction of 97%. Furthermore, they were partially annealed (PAed) and additionally rolled (ARed). We investigate the PAed and ARed samples whose thickness were 132 mm and 110 mm, respectively. Temperatures of the partial annealing were selected as 483 K, 503 K and 523 K. The ARed foils were produced by rolling the PAed foils in 17% reduction in thickness. Thus, six kinds of foils were prepared.
The samples were fastened to an aluminum alloy holder so that we could analyze TD sections precisely, and then were polished to mechanically and electrochemically (HClO 4 :ethanol = 1:8, 7 V, 420 s). The heat treatments were performed repeatedly in six stages as listed in Table 1 in a vacuum (2.3 kPa) for avoiding oxidation on the surfaces. The heating rates were approximately constant of 0.36 K/s in the range from room temperature to a given temperature of 623 to 743 K for the each annealing stage. The samples were cooled in furnace immediately after being heated to the given temperature until the 5th stage. In the case of the 6th stage annealing, the samples were held in the furnace at 743 K for 7.2 ks before the cooling.
The crystallographic orientation analysis were performed in the same position of samples before the first annealing and after each of the stages by the SEM/EBSP technique using HITACHI S-3500H SEM/TSL OIM systems. Analyzed area was enough to cover the foil thickness. The suitable step size of 0.75 mm to 3.0 mm was selected for the grain size of each sample. However, as grains size increased at the 4th annealing stage, the 4th analyzed area was extended so as to include the 3rd one in its center.
Experimental Results
All initial samples had the -fiber texture, [20] [21] [22] which is generally formed by cold rolling or recrystallization. Figures 1 and 2 show orientation image maps obtained by SEM/EBSP analysis in the foils subjected to a partial annealing (PA) at 483 K and 523 K, respectively. Unclear data points were included partially since results of EBSP analysis are affected by cleanness and a roughness on the surface of samples. Therefore, the maps were modified by clean-up treatment of the OIM software, in which we considered confidence index (CI) values of the data points above 0.1 were useful as comparing with their SEM Image. In the clean-up treatment, the data points with CI value under 0.1 were replaced with a data point that was selected as maximum of CI among its nearest neighbors. Bad or nonanalyzable points of EBSP analysis are painted black in the maps. Grains are colored by the color-code that is assigned to the texture components of recrystallization after rolling in aluminum, i.e. 'Cu' f112gh111i, 'S' f123gh634i, 'Brass' f110gh112i, 'Goss' f110gh100i and 'Cube' f001gh100i orientations. The orientation components are recognized with misorientation within 10 degrees so as to avoid overlap of the components. Grains with lower misorientation from a center component are given a deeper color. Fine and bold lines show Low-angle (LAGB) and high-angle grain boundaries (HAGB). LAGB and HAGB are commonly defined here misorientations between two grains as 5 to 15 degrees and more than 15 degrees, respectively. Consequently, we adopt the threshold angle of 5 degrees for grain boundaries. Dark-pink lines represent coincidence site lattice (CSL) boundaries of AE3, AE7 and AE19b. The numbers with the maps in the figures indicate the annealing stages in Table 1 . The length of longitudinal direction of maps in stage 1$4 are about 300 mm. The 4 0 map and following ones were measured to extend its scope including the area of stage 4 in center because of coarsening of grains. These fields are 2 mm long in RD. The widths of these are corresponding to the foils thickness of 132 mm. Comparing to the initial microstructures of the stage 0 in Figs. 1 and 2 , the grain size at lower PA temperature is smaller than that at higher PA temperature. A lot of small grains are extended in RD in the 483 K-PAed foils ( Fig. 1) , although equiaxed and large grains are observed in center of the thickness. The 483 K-PAed foils have nonuniform grain size in the thickness. It is confirmed that grains become round and homogeneous with increasing PA temperature. The mean grain areas in the initial microstructures were 29, 68 and 189 mm 2 at 483 K-PAed, 503 KPAed and 523 K-PAed foils, respectively. In both of the figures, grains grow with the annealing stage. Cube grains grow remarkably in the 483 K-PAed foil in the final stage of annealing (stage 6 in Fig. 1 ). In Fig. 2 , however, not only Cube but also S oriented grains grow well finally in the 523 K-PAed foils. Figures 3 and 4 show the results of 17% additionally rolled (ARed) samples after PA at 483 K and 523 K. More nonanalyzable points appear in the figures compared with those before AR. This is attributed to an effect of strain by additional rolling. The initial grain sizes of the ARed foils also increase with increasing the PA temperature in analogy with the PAed foils. However, grains of the AR foils are elongated to the rolling direction more than that before the additional rolling. Mean grain areas of the initial microstructures in the ARed foils are 17, 53 and 141 mm 2 at 483 K-PA, 503 K-PA and 523 K-PA, respectively. They are considerably smaller than those of the PAed foils. A multi-layered microstructure is observed in the initial state of the ARed foil after PA at 483 K (Stage 0 in Fig. 3 ). No coarsening grains are found in contrast to the PAed foils. Small intragranular misorientations represented by gradations in colors are observed in ARed foils after PA at 523 K (Stage 0 in Fig. 4 ). This reflects the strain by additional rolling. In the ARed foil after 483 K-PA (Fig. 3) , coarse grains develop rapidly in the fine grains. Grain boundaries are strongly curved. Such features are typically observed as a recrystallization process driven by stored energy. The other grains do not grow during the annealing. The Cube or Brass oriented grains coarsen remarkably. In the final stage of annealing, the foil is almost occupied with the Cube grains. In contrast, for the ARed foils after PA at 523 K (Fig. 4) , microstructure evolves very little until stage 2 except that some grain boundaries migrate locally. Most of the grains start to grow after the annealing stage 3. Cube and S oriented grains grow and remain finally in the stage 6 annealing. Therefore, the Cube texture does not become sharper.
Evolution of the sharp texture develops low-angle grain boundaries. The low-angle grain boundaries through the foil thickness are observed for the last stage of the annealing in the every sample shown above. The intervals in RD between the grain boundaries correspond with a foil thickness because the grains take on columnar form. A few CSL boundaries of AE3, 7 and 19b possess h111i rotation, which are defined by Brandon criteria, 23) are observed in Figs. 1 to 4. They are often formed between Cube and S orientated grains. How- ever, the CSL boundaries show no increase in the length peculiarly during microstructural evolution in all samples of the present study. Table 1 . It should be noted that the measuring area is expanded after the stage 4 annealing. The fraction of Cube orientation increases rapidly from a low value at the initial stage during annealing for the 483 K-PAed foils ( Fig. 5(a) ). High fraction is marked in S orientation initially, however its fraction decreases with certainty during annealing. The fractions of the other orientations are flat or decrease gradually, as far as we measured. For the 503 KPAed foils (Fig. 5(b) ), the fraction of Cube orientation (Fig. 6(a) ), in which the sharp Cube texture appears finally, the initial mean area of Cube grains is larger than that of the other oriented ones. The Cube grains grow to keep the grain size advantage during the annealing in competition with the S, Cu and other grains. The growth of S and Cu grains are retarded and reversed in the stage 5 or 6 while Cube grains are grown smoothly. For the 523 K-PAed foils (Fig. 6(b) ), a slight difference is observed in the initial mean areas of Cube and the other grains.
However, in the final stage of annealing, mean area of S grains is larger than that of Cube. When the initial mean grain areas have no difference between the Cube and the other grains, the fractions of Cube orientation do not increase as shown in Fig. 5 . In the case of the ARed foils after PA at 483 K (Fig. 6(c) ), which is observed the shape Cube texture after the annealing, some difference of the mean area between Cube and other grains is found initially. Superiority of Cube grains appears gradually during annealing. Finally, the sufficient difference is found for size effect. The changes in the mean grain area for the ARed foils after PA at 523 K ( Fig. 6(d) ) are similar to that of the 523 K-PAed foils.
Distributions of grain area in the stage 0 are shown in Fig. 7 . The shape and peak of the whole distributions change Table 2 . The higher densities of the S, Cu and Brass orientations are found in the stage 0 for both foils. In contrast, the densities of Cube orientation are very small and less than 10/(100 mm 2 ). The densities of S, Cu and Brass orientations rise up by the AR. The recrystallized grains, which appeared in the PA process, would be rotated to rolling texture and subdivided into domains by the AR. However, the density of Cube is almost unchanged. After the stage 6 annealing, Cube grains densities become higher than the others. For the PAed foils, the densities of S and Cu grains decreased promptly with increasing the density of Cube grain during the annealing, however, the densities for 17% ARed foils slowly decreased. Number densities per unit area in the 523 K-PAed and 17% ARed foils after 523 K-PA are listed in Table 3 . There is not large difference in the densities of S, Cu and Cube orientations in the stage 0 for both foils. Moreover, the densities maintain to be unchanged after the stage 6 annealing. It is supposed that the lower density of the Cube grains leads to the preferential growth well. Figure 9 shows the distributions of Cube and S orientations on the foil thickness for the 503 K-PAed foil. The horizontal axis presents the foil thickness of 132 mm. In both of the Cube and the S orientations, some concentrations are observed in the initial and early annealing stage of (a), (a 0 ) and (b), (b 0 ). However, the distributions are uniform in the annealing stage 6 of (c) and (c 0 ). These distributions with the concentrations change into uniform during grain growth regardless of the orientation component. The similar tendency was observed in the all foils analyzed in this study. The sites, in which Cube grains grow preferentially in the early stage, are random. We found no evidence that the Cube grains have specific site of preferential growth in the foils thickness.
Discussion

Effect of orientation and stored energy
Stored energy that is a part of the energy expended externally in deformation is associated with a dislocation density. It depends on the crystallographic orientation of a grain. 24, 25) So we estimate the stored energy after deformation by the use of small misorientations inside the grains as well as low-angle grain boundary. The small misorientation consisting of edge or screw dislocations is given by Frank's formula 26) as follows.
% 2 sinð=2Þ ¼ b=h; ð1Þ
where h is the spacing of the dislocations and b is Burgers vector. When the distance between analysis points by OIM (i.e. a scan step size) is d, the area of boundary planes between the neighboring points per unit volume is represented by the peripheral length l and area a of a hexagon including a point (see Fig. 10 ), in consideration of unit thickness as
Then, the length of dislocation lines per unit area of the boundary plane is =h, where is a constant which depends on the geometry of the dislocation arrangement. The values of are 2 and 4 for pure tilt and twist boundaries, respectively. The dislocation density & is given by the product of the boundary plane area unit volume and the dislocation line length per unit area, as follows:
Therefore, the dislocation density is proportional to the local misorientations. In the present study, the stored energy introduced by rolling is investigated by kernel average misorientation (KAM), which is calculated to average misorientation of a point with all of its neighbors (not exceeding 5 degree). The KAMs are examined for the data before clean up treatment excluding points of CI value below 0.1. Since a distance to the neighbors, i.e. a scan step size, affects a magnitude of the KAM, it is normalized by the scan step size for comparing to results for different step sizes. Changes in mean values of the KAM for the orientation components during the annealing are plotted in Fig. 11 . The 17% ARed foils (Figs. 11(d) , (e) and (f)) represent higher KAM than the PAed foils (Figs. 11(a), (b) and (c) ). For the PAed foils at 483 K and 503 K (Figs. 11(a) and (b) ), somewhat higher KAMs are found in the early annealing stage. This is a probably remnant of a strain from the cold rolling because of the lower PA temperatures. The KAMs decrease gradually and converge in a constant value during the annealing stages. The 523 K-PAed foil (Fig. 11(c) ) is almost unchanged showing the value of 0.2 throughout the annealings. This sample is already recovered, and grains coarsen completely by the PA process at 523 K. It means no participation of stored energy in the microstructural evolution in the PAed foils. On the other hand, the KAMs in the ARed foils (Figs. 11(d) , (e) and (f)), show large values in the initial stage. As consuming the stored energy following the annealing stages, KAMs decrease sharply and stay in the constant similarly to the PAed foils. The conspicuous reductions are observed in the third annealing at 683 K, which is corresponding to the change from rolling texture to Cube texture as shown in Fig. 5 . It is confirmed that the microstructural changes in the ARed foils are controlled by the stored energy that is provided with the AR process. S and Cu grains, which are much involved in the initial microstructures, possess large KAMs. These grains store the large strain energy. Furthermore, the larger KAMs are observed at the lower temperatures of partial annealing. The quantity of stored energy probably depends on the grain sizes that are different in the PA temperatures. Brass or Goss grains, which are rare in the all foils in this study, represent somewhat smaller KAM in comparison with the S or Cu grains. We are interested in the fact that the KAMs of Cube grains are clearly lower than that of the other oriented ones. Namely, the Cube grains do not store the strain energy enough by the AR process. According to Ridha and Hutchinson 14) the Cube grains have had lower stored energy than the other oriented grains after deformation as explained by Taylor factor. 29) Moreover, It was understood that Cube orientations were able to recover faster than the others. When the Cube grains are difficult to introduce or easy to release the stored energy, the driving force for grain-boundary migration arise from Cube grains to the neighbor other-oriented grains with higher stored energy. 8) Then the Cube grains grow preferentially. This mechanism, which is well known as strain induced grain boundary migrations (SIBM), 30) evolve the Cube texture during early annealing stages in the ARed foils. Figure 12 shows comparison of distributions of the kernel average misorientation (KAM) in Cube and S oriented grains for 17% ARed foil after PA at 483 K. The KAM in the Cube grains are distributed to $0:2 at the initial stage ( Fig. 12(a) ). On the other hand, the initial distribution of S grains is much broad (Fig. 12(d) ). Its peak presents in a higher misorientation angle than that of the Cube grains. This indicates that stored energy in the S grain probably differs from that in the Cube grains in quality and quantity. During the annealing, the KAM distribution of S grains is varied in its shape, while that of Cube grains remained unchanged in spite of the increase of peak value. The distributions of the Cube and S grains are almost the same with the peak in 0.5 degree in the third stage (Figs. 12(c) and (f) ). In addition, such distribution was also observed in the PAed foils. It was regarded as the KAM distribution in non-deformed state, i.e. in the lowest stored energy state. With the Cu grains, the KAM distribution was similar to that of S grains. In Brass and Goss grains, the distributions were in analogy with that of S or Cu grains, however the peak values shifted toward lower angle of about 1.0 degree. Therefore, an amount and a nature of the stored energy induced by the AR strongly depend on the grain orientations. The Cube grains that are characterized by the narrow KAM distribution obviously differ from the other oriented grains. 
Preferred growth of Cube-oriented grains
For the case of the 483 K-PAed foil, Cube grains, initially, grow preferentially on account of a size effect, although some remaining stored energy after cold rolling might affect grain boundary migrations. The coarsen Cube grains meet the neighbors that have the similar orientation. They make Cubegrains clusters that include stable low-angle boundaries and behave as one large grain. Hence, Cube fraction increase rapidly. The clusters grow to arrive at a surface of the foil and go through the thickness. The presence of an upper limit of a size is known for grain growth in foils on account of being immobile to balance between grain boundary energy and surface energy.
31) The limit is approximately corresponding to twice of the foil thickness. Consequently, non-Cube grains are difficult to grow to eat the clusters that go through the thickness during grain growth. The clustered Cube grains develop preferentially and cover easily the foil for the later annealing.
On the other hand, grains are already one-thirds or a quarter of the foil thickness in the 523 K-PAed foil. No differences are found in the grain size between Cube grains and the other ones in the initial microstructure. There is, therefore, no advantage for the Cube grains during growth. The clusters of Cube grains are not formed enough. The grains fronting on the surface seem to grow a little bit faster than the interior ones. Some grains, like S-oriented grains, grow to go through the thickness. In the final annealing, though some Cube grains have clustered together, S grains occupied most part of the foil in alone as shown in Fig. 2 .
In the first stages of annealing, a different mechanism of preferential growth of Cube grains is observed in the 17% ARed foils as compared with the PAed foils. In the 17% ARed foils after 483 K-PA, which is revealed the largest Cube fraction in the final stage in the present study, Cube grains originated from the PA process act as recrystallization nuclei owing to lower stored energy as shown in Fig. 11 . The difference of stored energy between Cube and other grains produce SIBM. The growth by SIBM, which is consumed stored energy, is more reliable than that by size effect, which is driven by grain boundary energy. The enlarged Cube grains come in contact with the other, and make clusters in analogy with the case of PAed foils. Therefore, spatial distribution of Cube grains is important for accumulation of Cube orientation, because the AR process create no new Cube grains as given in Tables 2 and 3 . If there is much space between Cube grains, the other oriented grains leave in the space after annealing. The Cube grains need to contact with each other in order to occupying all of foils at the final. A Brass-oriented grain growing similarly to Cube grains is found in the ARed foil after PA at 483 K (Fig. 3) . Since this Brass grain probably happened to remain by insufficient deformation, it can grow owing to a difference of stored energies in the neighbor grains as well as Cube grains. However, the Brass grain disappears in the end, because it is not stable in alone during the microstructure growing. This is understood for us a presence of similar oriented grains in a near region is important for preferential growth and controlling texture in foils.
The Cube fraction does not increase for the 17% ARed foil after PA at 523 K. This is caused by insufficient stored energy in the AR process because of large grain size. Since mean KAMs in the ARed foil after PA at 523 K are about a half of that after PA at 483 K as shown in Figs. 11(d) and (f) , large grains are difficult to store strain energy compared with small grains. However, the annealing conditions in the present study is not suitable for preferential growth of Cube grains because the samples are annealed repeatedly for observations of change in the microstructures. Although the final fraction of Cube orientation as taken within 10 degree have reached more than 90% by a manufacturing PA+AR process, the stored energy would not drive the grain boundaries effectively during repeated annealing in this study. An appropriate annealing at an efficient temperature is required to drive Cube grain boundaries by stored energy. If providing an optimum annealing, the fractions of Cube grains in the ARed foils after PA at 523 K should increase. To the contrary, the ARed foils after PA at 523 K, which have large grains with low stored energy, is sensitive to annealing conditions. In this study, the sharpest Cube textures more than 90% in area are developed in the 483 K-PAed foil and the ARed foil after PA at 483 K. For the PAed and ARed foils at 523 K of relatively the higher temperature, by contrast, Cube grains oppositely do not grown sufficiently. Cube fractions strongly depend on the PA temperatures. The AR process increases the Cube fraction by changing a mechanism of preferential growth of Cube grains, i.e. the microstructural development in the PAed foils is provided with the grain growth based on size effect and that in the ARed foils is given by SIBM using stored energy. The AR process, however, creates no new Cube grains. Kajihara et al. 9) mentioned in their study that the difference in the final Cube fraction between the foils with the 98% and 99% fractions was caused by the size and spacing of Cube grains and the size of non-Cube grains. It is also confirmed in this study by the observation on TD section that spatial distribution of Cube grains that controlled by the temperatures in the PA process is important for evolution of Cube orientation in the final annealing regardless of with and without AR process.
Conclusions
In order to reveal how the Cube-oriented grain has an advantage in comparison with the other oriented grains in partially annealed (PAed) and additionally rolled (ARed) pure aluminum foils for capacitors, the orientations in the TD sections of foils through the thickness have been analyzed by OIM as repeated annealing. The conclusions are summarized as follows.
(1) In the 483 K-PAed foils, a marked difference in the initial grain size between the Cube and the other oriented grains is favorable for the formation of Cube clusters through the foil thickness. The partial annealing at the relatively low temperatures of 483 K and 503 K is helpful to the formation of the large Cube grains and small other oriented grains, because the Cube grains can recover and grow well in this temperatures range. For the foils PAed at the relatively higher temperature of 523 K, the sharp Cube texture is not observed. Because the 523 K-PAed foil consists of the grains in the size of one-thirds or a quarter of the thickness before the annealing, the predominance of Cube grains during grain growth is small. Therefore, non-Cube grains, like S grains, remain and occupy the most part of the foil in alone after annealing.
(2) Orientation dependence of stored energy in grains is estimated by using the method of kernel average misorientation (KAM) in the PAed and ARed foils. For the ARed foils, The stored energy in the Cube grains is much lower than that in the other oriented ones. The Cube grains, which store the lower strain energy, develop preferentially and surely by means of strain induced grain boundary migration (SIBM). However, the following process resembles in the PAed foil, and more the AR process does not create new Cube grains. Therefore, the final Cube fraction is affected by the spatial distribution of Cube grains after PA process. In the ARed foil after PA at 523 K, the large grains are difficult to store strain energy compared with the small grains. Since the stored energy introduced by the AR process does not drive grain boundaries effectively, the sharp Cube texture is not formed. The Cube fraction in the microstructure with large grains is probably sensitive to annealing conditions.
(3) To develop the sharp Cube texture in the PAed and ARed foils, an importance is the spatial distribution of Cube gains formed by the PA process. A few Cube grains are distributed dispersively in the foil thickness is confirmed by the observations in TD sections of the foils. The Cube grains grow and meet the other Cube grains. They form clusters that include stable low-angle boundaries. After the clusters grow further to reach the surface of the foil. In this way, the sharp Cube texture is obtained in the final annealing. However, when the spatial distribution of Cube grains is nonuniform, the S grains, which often compete with the Cube grains, grow and remain in a part of the foil in the final annealing. The nonuniform distribution is difficult to provide the foil with the highest Cube fraction regardless of with and without AR process.
